This paper studies the optimization of the effective channel capacity of wideband code division multiple access (WCDMA) systems under Rayleigh fading environments. Firstly, the results for Shannon capacity of fading channels with channel side information are reviewed, where the capacity is achieved by using an optimal power control scheme. Secondly, an optimal interference threshold α * 0 is set for a given system outage probability P out to minimize total interference. Finally, the effective channel capacity of WCDMA is defined and a target SIR level γ * is derived with the Lagrangian multiplier method to maximize the effective channel capacity. It is shown that α * 0 is dependent on the power control interference ratio (PCIR) ρ, the number of diversity paths identified by the receiver M, and the outage probability of the system. Simulation results are provided to validate the theoretical deductions. We conclude that the total effective channel capacity will be maximized as long as M ≥ 4, and ρ ≤ 0.5 for a proper value of α * 0 .
Introduction
The future wideband code-division multiple-access (WCDMA) mobile communication systems will be a mixture of multimedia services, such as voice, data, video, file transfer, E-mail, and other internet services characterized by different quality of service (QoS) requirements. For a real time service, users must be guaranteed a tolerable minimum rate. However, delay insensitive applications, such as variable bit rate email and file transfer data services, may temporarily lower their transmission rates even to zero, utilizing any excess capacity that the radio network can provide in a best effort fashion. In the radio channel, the effective channel capacity (see Sect. 3.4 for definition) and transmission rates are closely related to the signal-to-interference ratio (SIR), while the SIR can be controlled efficiently by power control. Therefore, it is natural to associate the optimization of effective channel capacity and data rates with power control, which is the purpose of this paper.
The distinctive nature of adaptive data transmission in radio communication is that data can be transmitted at full, half, or even zero rates through adjusting one or more parameters according to the quality of radio channels. For instance, we can optimize the effective data rates by adjusting power [1] , transmission rate [2] , size of signal constellation [3] , encoding rate/method [4] or any combination of these [5] - [7] . The transmission performance of the system can be further improved by combining the above methods with space-time diversity technology [8] .
In this paper, we focus on the optimization of effective channel capacity under Rayleigh fading environment in multimedia WCDMA mobile communication systems with given transmission data rates. Using automatic retransmission request (ARQ) mechanism and the channel side information, we propose an optimal power control scheme which adjusts the SIR level to minimize the total interference and maximize the system effective channel capacity.
System Model
We consider a WCDMA system consisting of equal-size hexagonal cells. Figure 1 shows our system model under evaluation. N mobiles transmitting data information share the same channel at a given instance. The base station is selected by mobile according to the rule of least path loss. Without loss of generality, we consider the uplink only because it is easier for base station to accommodate users with M-fingers Rake receiver where M ≥ 4. We assume also that The receiver demodulates and outputs user data information determines power control scheme and adjusts the signal-to-interference-plus-noise ratio (SINR) threshold according to the estimated channel parameters to maximize the effective channel capacity. The feedback information tells transmitter to increase or decrease transmit power or transmit rate, or both.
Mobile i is assumed to transmit data information at a power level S Timax without power control. The bit energyto-interference power spectral density ratio (E b /I 0 ) at base b is given by
where R i is the transmission data rate of user i at base b, γ i denotes the signal-to-interference power ratio (SIR), G bi is the link gain from mobile i to base b, η b is the receiver noise (including inter-cell interference) power at base b, and
is the total interference at base b. The actual transmit power of user i is a function of SIR γ i when power control is in operation. We denote the actual transmit power as S (γ i ), then the bit energy-to-interference power spectral density ratio of Eq. (1) under power control turns into
where I i and I i are the total interferences with and ρ i ≡ I i /I i without power control, respectively, and is called the power control interference ratio (PCIR) of the system. Generally, we have I i < I i so that ρ i ∈ {0, 1}. The value of ρ i indicates the degree of interference suppression of power control scheme. The smaller is the value ρ i , the deeper is the interference suppression. Obviously, ρ i has a great influence upon η b . When the signal passes through a Rayleigh channel, SIR γ i will be affected by a Rayleigh random variable α with mean-square value Ω = α 2 and become γ i [9] . That is,
The probability density function (PDF) of α is given by [9] 
Rake receiver uses the maximal-ratio combining (MRC) to receive the M-path signals. The combined signal is modeled as an independent, identically distributed (i.i.d.) chi-square random variable (r.v.) with 2M degrees of freedom [9] . Its PDF is
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Information Capacity and the Optimum Power Control Scheme
The capacity of an additive white Gaussian noise (AWGN) channel with bandwidth W Hz is given by [10] 
where
, R is transmitting data rate (can be adjusted), and (E b /I 0 ) is given by system. Under Rayleigh multi-path fading and with MRC receiver, Eq. (6) becomes [11] , [12] 
Since the transmit power of any practical mobile is constrained by a maximum level S Tmax , S (α 2 γ) must satisfy the following constraint:
Obviously, under fading environment with known channel side information, the optimum power control scheme should reach [12] 
where µ ≤ S Tmax (M − 1)Ωγ is a constant satisfying Eq. (8). Substituting Eq. (5) and Eq. (9) into Eq. (7), we yield the system capacity
System Outage Probability
With the power control scheme in Eq. (9), transmit power can be very large in deep fading condition, and other terminals may encounter large interference. This will seriously decrease the number of users that the system can accommodate or degrade the system performance. The truncated power control scheme of [12] can be employed which overcomes this drawback by pre-setting a threshold value γ 0 . Data information is transmitted according to Eq. (9) when
, and no data information is transmitted otherwise. Therefore, there exists an outage probability in the system, namely,
Because of the presence of γ 0 or α 0 , the lower bound of integrations in equations Eq. (7) and Eq. (8) should be at α 0 .
The information capacity of Eq. (10) is similarly affected.
3.3 Selection of γ 0 or α 0 γ 0 is a parameter pre-assigned by the system. The larger is γ 0 , the smaller is the transmission power. As a result, the interference experienced by other mobile users is also decreased and the number of users accommodated by the system is increased. On the other hand, larger γ 0 may increase system outage probability P out , decrease system information capacity C MRC (γ), and complicate the control process. The optimal threshold value γ * 0 or α * 0 can be determined by minimizing the system outage probability P out or by maximizing the system information capacity C MRC (γ). Using the analytical results of [11] , we plot the relationship between SIR γ 0 and system information capacity C MRC (γ) in Fig. 2 .
It can be seen from Fig. 2 that there always exists an optimal γ * 0 at which C MRC (γ) reaches its maximum. C MRC (γ) is very sensitive to the change of γ 0 when M = 2 ( Fig. 2(a) ) and is insensitive when M = 4 ( Fig. 2(b) ) or M = 6 ( Fig. 2(c) ) under the condition of γ 0 ≤ γ * 0 . We can utilize this property to optimize the system effective channel capacity (defined below). As mentioned before, we assume that Rake receiver can distinguish M-path signals. Consequently, we can easily calculate C MRC (γ) at γ * 0 = 0 with minor error and a high calculation speed when M ≥ 4. The actual value γ * 0 affects only overall outage probability and interference level experienced by the system.
Definition of the Effective Channel Capacity and It's Maximization
For a multimedia WCDMA mobile communication system with N data users, users may have different transmission data rates and different channel capacity effectiveness. To evaluate adequately the channel utilization of a WCDMA system, we define average channel information capacity over N users as effective channel capacity of WCDMA systems, i.e.,
Our objective is to maximize C effe under the constrained maximum transmit power and given transmission data rate. Assuming that the saturation of the transmit power is equipollent to that of received power, and let S R = N i=1 S ri be the maximal total received power, by Eq. (1) we have 
Equation (14) reveals that there exists a one-to-one relationship between the average SIR γ i and the maximal total received power S R . Thus, we can describe our optimization problem as
According to the conventional method of using La-grange multipliers, γ i must satisfy the following N + 1 equations: 
Using
Lemma 2: If Γ * satisfies Eq. (16), the necessary and sufficient condition for C effe having its maximum is ρ i <
Proof: According to Lemma 1, the proof is immediate. From Lemma 2, we show in Fig. 3 the relationship between the allowed maximum of PCIR ρ and SIR γ * under different diversity path number M when C effe may reach its maximum.
We can conclude from Fig. 3 that increasing M reduces the precision requirement of power control (i.e., larger ρ may be allowed) for a given SIR γ * . In the contrary, SIR 
Simulation Results
Our numerical analysis is performed for uplink of FDD WCDMA mobile communication system. Consider 19 hexagonal cells of equal size, a base station with an omni antenna is located at the center of each cell. Users are uniformly distributed in each cell. The radio propagation attenuation model with path loss exponent β = 4 and standard deviation σ = 8 dB was used. We assume that the system can accommodate N users with three media types equiprobably and that the system is under the feasible state. The proposed method of this paper could be applied to downlink and TDD systems with slight modifications. The other parameters used in our simulation are set as in Table 1 .
Firstly, we determine Γ * according to Eq. (16) and Lemma 2. Secondly, we calculate γ 0 or α 0 from Eq. (11) for a given P out . And finally, we choose the optimum power control scheme and calculate the effective channel capacity using Eq. (9) and Eq. (12), respectively. This process may iterate more than once.
Figures 4 and 5 show the PCIR impact on the effective channel capacity with different M. The transmission data rates of three media are the same: R i = 128 kbps. Figure 4 shows the case of M = 4. It can be seen that C effe has no stationary maximum with ρ i = 0.8 ( Fig. 4(a) ), and that C effe does have the only global peak value with ρ i = 0.5 ( Fig. 4(b) ). According to the parameters adopted in Fig. 4(a) , we can obtain Γ * = (0.47, 0.53, 0.50) from Eq. (16) (or E b /I 0 = (11.5, 12.0, 11.8) dB) and get γ * ≤ 0.67 corresponding to ρ = 0.5 and M = 4 in Fig. 3 (See point A) . This confirms our theoretical results. Figure 5 shows the case of M = 2. We can see that C effe has no stationary maximum even though ρ = 0.5 ( Fig. 5(a) ), and that C effe does have a single global maximum as long as ρ i is small enough (Fig. 5(b) ). Smaller ρ i means higher accuracy requirement of power control, which is non-realistic for a practical mobile communication system. For a robust power controlled WCDMA system, it is a very loose condition for ρ i = 0.5, so the PCIR can be set to ρ i = 0.5 for most applications.
By increasing M, we can demand less precision of power control (larger ρ i ) and at the same time, with ρ i = 0.5, we can make the system accommodate users with more media having variable transmission data rates and different QoSs. Figure 6 shows an example that the system accommodates three media with different transmission data rates. The transmission data rates of the three media are 48 kbps, 96 kbps and 144 kbps, respectively. From Eq. if M = 4, and Γ * = (0.63, 0.59, 0.32) (or E b /I 0 = (12.2, 11.9, 9.3) dB) if M = 6. According to Fig. 3 , allowed maximum SIR γ * = 0.67 < 0.79 is (see point A in Fig. 3 ) when M = 4 and ρ = 0.5, which means that the effective channel capacity of the first medium cannot reach its peak even though the total effective channel capacity does. How-ever, if M = 6 and ρ = 0.5, we reckon from Fig. 3 that the allowed maximum SIR γ * = 0.8 > Γ * = (0.63, 0.59, 0.32) (see point B in Fig. 3 ), which means that while C effe reaches its maximum, the effective channel capacity of each of these three media may reach its peak too.
It is noted that when we vary the target values of γ 1 and γ 2 in Fig. 4 to Fig. 6 , the third medium's QoS γ 3 is changed proportionally too (see Eq. (14)).
If the number of diversity paths to each user is different each other, without loss of generality, let R 1 ≤ R 2 ≤ R 3 . We should set M 1 ≤ M 2 ≤ M 3 so that the system can accommodate users with multimedia services efficiently. Otherwise, if we set M 1 ≥ M 2 ≥ M 3 , ρ must be small enough. As shown in Fig. 7 , the simulation results are equivalent to that of Fig. 6 and the detail explanations is omitted here.
Conclusions
When this paper was started, the goal was to provide new insight into the understanding of the maximal effective channel capacity under Rayleigh fading environment in a multimedia WCDMA mobile communication system. We have learned that the total effective channel capacity depends on a wide variety of variables, such as transmission data rate, received signal power, interference factor of power control, the number of diversity paths, and the channel conditions and so on. We conclude that the effective channel capacity will be maximized as long as PCIR ρ ≤ 0.5 for proper values of γ * 0 and M, which is a very loosen condition for a robust power controlled WCDMA system. In order to increase the variable media data transmission efficiency of the system with ρ = 0.5, the number of diversity paths distinguished by the receiver must satisfy M ≥ 4. Considering the implementation complexity, we choose M=4 or M=6. The simulation results have validated our theoretical analysis.
